SUMmARY Pulmonary vascular resistance normally falls or remains unchanged during exercise. Seven children with pulmonary hypertension were exercised during cardiac catheterisation after operative correction of ventricular septal defect (6) 
of moderate pulmonary hypertension, resting haemodynamics in these seven children were similar to those of normal children of equal age, but during exercise the postoperative patients showed a rise rather than a fall (+2% vs -18%) in total pulmonary vascular resistance. Two of the seven children had a substantial increase in pulmonary arteriolar resistance during exercise (from 509 to 715 dyne s cm-5 in one patient and from 606 to 828 dyne s cm-5 in the other). These two patients did not differ from normal children in respect of arterial or mixed venous oxygen saturations or of pH with exercise, nor was left atrial pressure related to the rise in pulmonary resistance. These two patients, however, had only a small rise in cardiac output during exercise (6-8% and 43 1%) in spite of a substantial increase in oxygen consumption (121% and 373%). One of the patients with exerciseinduced pulmonary vasoconstriction had an 82% increase in resting pulmonary vascular resistance over a five year period subsequent to her first exercise study. Analysis of these data, and those previously reported, suggests that exercise induced pulmonary vasoconstriction may occur in 10 to 25% of patients who survive correction of certain congenital cardiac defects. The vasoconstriction cannot be attributed to abnormal changes in blood gases or left atrial pressure, and may be an early sign of progressive pulmonary hypertension.
Studies on the effect of exercise in healthy human subjects have shown that the pulmonary vascular bed reacts to an exercise induced increase in blood flow in a consistent way. Though pulmonary artery pressure usually rises with exercise, total pulmonary vascular resistance and pulmonary arteriolar resistance change little or fall. '1-5 1980 . All patients included in this study: (1) had no residual intracardiac shunt at postoperative catheterisation, (2) had normal resting pulmonary capillary wedge pressures (<12 mm/Hg), (3) had 60 raised postoperative total pulmonary vascular resistance (>400 dyne s cm-5), and (4) performed supine exercise as a part of the catheterisation, with measurement of oxygen consumption, cardiac output, and pulmonary and systemic vascular resistances at rest and during exercise. There were seven patients in this group 1 (one patient was studied twice at an interval of five years); six had repair of ventricular septal defect (including one patient. with ventricular septal defect and coarctation of the aorta) and one had repair of truncus arteriosus. Four were female and three male patients, and ranged in age from 6 years to 18 years (mean 11.6 years). Preoperatively, all patients had raised pulmonary artery pressure and raised pulmonary to systemic resistance ratios (0.4 to 0.6), but there were insufficient data in most cases to calculate the preoperative total pulmonary vascular resistance. Postoperative catheterisations were performed from one year to 12 years (average of 6-1 years) after operation. All patients were asymptomatic except one (case 2) who had mild congestive heart failure. Light sedation, using phenobarbitone (3 mm/kg) and morphine sulphate (0-1 mm/kg), was used. Intravascular pressures were measured using fluid filled catheters. Cardiac output was determined by the Fick method in six Kulik, Bass, Fuhrman, Molter, Lock (and by indicator dilution curves in one patient). After measurement of resting cardiac output, the patients performed submaximal supine exercise using a bicycle ergometer. Exercise cardiac output and pressures were measured between three and six minutes after initiation of exercise.
These data are compared with those obtained from group 2, consisting of 23 essentially normal children of similar age (10 normal subjects and 13 with mild pulmonary stenosis) catheterised at this institution in an identical fashion and previously reported.Is Paired and unpaired Student's t tests were used as appropriate.
Results
Group 1 patients were similar to normal children with regard to age (see Table 1 ). Except for raised pulmonary arterial pressures and resistances, patients in both groups had similar resting haemodynamic data, including heart rates, systemic blood pressures, cardiac output, oxygen consumption, wedge pressures, and systemic vascular resistances. Unlike the control group, the pulmonary artery mean pressure (45.0 vs 14*3 mmHg) and total pulmonary vascular resistance (875 dyne s cm-5 vs 269 dyne s cm-5) were consider- ably raised in the postoperative group. Both groups performed similar work loads, and had similar oxygen consumption levels both at rest and on exercise. The rise in cardiac output was slightly, but not significantly lower in group 1 than in normal children (Fig. 1) ; the rise in heart rate, however, was greater in group 1 patients. As a result, though stroke index rose significantly (p<0.02) in the normal children, there was a fall in stroke index with exercise in the postoperative patients (48 to 42 ml/beat per m2), a change that was significantly different from that of normal children (p<0.01).
The children with pulmonary hypertension also showed an abnormal response of the pulmonary circulation to exercise. Though total pulmonary vascular resistance fell 18% (p<0 001) in normal children during exercise, it rose 2o in the postoperative group (Fig. 2) . Though all seven patients had normal pulmonary capillary wedge pressure at rest, only three had exercise pulmonary capillary wedge pressure measurements. Thus, this rise in total pulmonary vascular resistance could conceivably be the result of a rise in left atrial pressure. Since, however, the two patients with the greatest rise in total pulmonary vascular resistance with exercise also had increases in pulmonary arteriolar resistance, it is clear that the rise in total pulmonary vascular resistance with exercise was not secondary to an increase in left atrial pressure.
In 
Discussion
In 1919 Dunn2l exercised a goat, measured its right ventricular pressure and cardiac output, and showed that with exercise cardiac output rose out of proportion to right ventricular systolic pressure. Numerous studies of human subjects have followed. Though these studies are heterogeneous regarding the intensity, duration, and type of exercise used they consistently show that, on average, in normal subjects total pulmonary vascular resistance (and pulmonary arteriolar resistance when available) changes litte3 5 7 14 or falls'2 6 8 9 12 15 with exercise.
There are, however, a few normal subjects in whom total pulmonary vascular resistance or pulmonary arteriolar resistance rises with exercise.3-57 13 Analysis of the haemodynamic data from these normal individuals shows the following: (1) the rise in resistance is nearly always small (10%); (2) One finding common to all studies is that exercise induced pulmonary vasoconstriction occurred with a small risor even a fall-in cardiac output with exercise. Cases 1 and 6 had exercise induced increases in cardiac output of only 6-8% and 43*1% (normal subjects showed an increase of 81-4%), in spite of rises in oxygen consumption of 121% and 373%. Most patients with exercise induced pulmonary vasoconstriction cited in Table 2 had an exercise induced increase in cardiac output of 25% or less and many had a cardiac output with exercise of less than 3 Although a lower than normal increase in cardiac output during exercise may somehow contribute to the observed vasoconstriction, we cannot identify a cause for low exercise cardiac output in either our patients or in those reported previously. Specifically, it is unlikely that the low cardiac output with exercise is the result of acute right ventricular hypertension.
We have reviewed a group of 28 children33 with moderate pulmonary stenosis (pulmonary valve area 0. % 1.0 cm2/m2) who had right ventricular systolic pressures during exercise indistinguishable from those of our group 1 patients (106 and 99 mmHg, respectively), yet had a normal rise (81%) in cardiac output with exercise. These patients had no signs of exercise induced pulmonary vasoconstriction.
CLINICAL SIGNIFICANCE
The outlook for patients with exercise induced pulmonary vasoconstriction is unknown. None the less, case 6, who had exercise induced pulmonary vasocon-63 striction at two postoperative heart catheterisations, had a substantial increase in resung pulmonary vascular resistance over a five year interval. Case 4, whose pulmonary vascular response to exercise was also abnormal (albeit total pulmonary vascular resistance rose less than 25%), had a progressive increase in pulmonary arteriolar resistance. These observations raise the question of whether an exercise induced increase in pulmonary vascular resistance in such patients may be a harbinger of progression of pulmonary vascular disease.
In summary, analysis of our data and those reported previously, suggests that exercise induced pulmonary vasoconstriction is a not uncommon finding in children who have survived cardiac correction ofleft to right shunting lesions. The vasoconstriction cannot be attributed to abnormalities in left atrial pressure, blood gas levels, or acute right ventricular hypertension. Finally, the presence of pulmonary vasoconstriction during exercise may be an early sign of progressive pulmonary hypertension.
